2 ) in situ in situ in situ beta imaging device includes optimization of the front end scintillation detector, which is fiber optically coupled to a remote photon detector. Thin plastic scintillation detectors, which are sensitive to charged particles, are the ideal detectors due to the low sensitivity to ambient gamma backgrounds. 204 Tl, 18 F) were maximized, which corresponded with measurements. As beta continua are relatively featureless, energy calibration for the thin scintillators was investigated using Landau distributions, which appear as distinct peaks in the spectra. As the scintillators were made thinner, gamma backgrounds were shown to linearly decrease.
I. INTRODUCTION

D
EVELOPMENT of a small area (1-2 cm ) in situ beta detecting and imaging device for surgical resection of residual radiolabeled tumor deposits includes optimization of the front-end scintillation detector, which is fiber optically coupled to a remote photon detector (Fig. 1, [1] - [5] ). The probe front end is a scintillator coupled to flexible optical fibers, which keep all electrical components far from the surgical cavity. Gamma transparent materials are necessary to avoid detection and consequent image misposition due to ambient gamma backgrounds (e.g., annihilation photons from F positrons). The success of the imaging device depends on detecting a sufficient number of optical photons at the photodetector end [6] with which energy and positioning information combine to form images of the beta distributions. A high photon yield plastic scintillation detector that is sensitive to charged particles ( ) of 1 MeV would be the ideal detector due to its low (6.6) and density (1.05 g/cm ), hence low sensitivity to ambient gamma backgrounds. Organic scintillators have a known variation in light output and decay time as a function of fluor (dopant) concentration [7] , [8] . Additionally, optimization of scintillator geometry is an important aspect of maximizing pulse height, especially when guiding light into and through fiber optics [1] - [5] . In this work, a binary fluor (from Bicron) prepared in various high concentrations (0.5-2.0% by weight) in a polyvinyltoluene (PVT) solvent matrix was evaluated in comparison to commercially available BC404 (Bicron) to determine its suitability for use in the beta imaging probe. Various geometrical conditions necessary for optimal light output and device operation were also investigated by simulations and measurements.
II. MATERIALS AND METHODS
Samples of the new plastic scintillator were prepared by Bicron (Newbury, OH) to our specifications from 0.5 to 2.0% concentration by weight, in 0.25% steps, in a PVT matrix. The samples were 1.74 cm in diameter 5 mm thick and had a visibly high quality polish on all surfaces.
Spectrophotometric analysis of the 0.05% dilute, pure fluor (CH -C H CH CH -C H ) was performed at Bicron. The spectral emission of the plastic scintillator samples was mea- 2 . Emission spectra of a highly diluted (0.05%), pure sample in solution, and 1.0% fluor sample in PVT matrix, i.e., plastic scintillator form.
sured at the University of California at Los Angeles (UCLA) on a Perkin-Elmer Luminescent Spectrophotometer with a spectrally calibrated EMI 9781 PMT. The samples were irradiated at the maximum absorption wavelength (see Fig. 2 ) and read out 90 with respect to the collimated excitation beam.
The decay time measurement method utilized a modified Bollinger and Thomas technique [9] with single photoelectron (PE) method [10] , [11] . Two RCA C31024 PMT's with 200 ps time resolution [12] were used in coincidence, with the first (TAC Start) triggering on the prompt ( 1 PE) signal and the second (TAC Stop) triggering at the single PE level.
Light yield measurements were made with the cylindrical pieces, highly polished on the side and PMT contact surface, and lightly ground (60 m granularity) opposite the PMT. The pieces were covered with a thin layer of Teflon and optically coupled ( ) to a calibrated C31024 PMT. These measurements were made at several thicknesses for each scintillator. The samples were uniformly irradiated with the conversion electrons from Bi ( 976 keV, 482 keV) and the beta continuum of Tl ( 763 keV, 254 keV) in an aluminum dark box.
Tl is a pure emitter with similar energy to in F ( keV), an intended radioisotope for use with the imaging device.
Tl betas are without the corresponding annihilation photons, facilitating measurements during device optimization. The centroid of the gamma background subtracted conversion electron spectra (Gaussian fit) and weighted mean of the beta continua were calculated from the measurements as a measure of the pulse height.
Monte Carlo simulations were performed on code developed at UCLA to track electron trajectories and tally energy deposition in various materials [5] . Simulated monoenergetic electrons from Bi and Tl betas flood irradiated (200 000 electrons per condition, normal incidence) the 1.25 cm and various thickness (0.5-5.0 mm) plastic ( , gm/cm ) disks. The light output for similar geometry scintillators with various surface treatments was simulated with optical photon tracking using DETECT [13] . The same number of photons (100 000) were uniformly generated in each size and surface treated disk. All disks had diffuse, absorbing sides, conditions that are known to improve positioning accuracy at the edges of continuous positioning detectors [4] , e.g., in gamma cameras. Various front surface treatments were investigated for the scintillator incorporated in the imaging device because: 1) ambient light external to the scintillator must be shielded so that the detector signal will not be corrupted; and 2) the thin ambient light shield has a reflective inner surface to direct photons back toward and into the optical fibers.
The gamma background from Bi was measured in the scintillators by shielding the detectors with a 1-cm-thick black PMMA block. The higher energy gamma component (1063 keV) was subtracted from the total background, leaving the background component due to the lower energy gammas only (569 keV). The integral events in the remaining distribution thus represent the gamma contribution from near 511 keV gammas, as 511 keV gammas are expected from positron annihilation from F radiolabels. The integral events were then normalized to the thickest (5 mm) scintillators used in the measurements.
III. RESULTS
A. Spectral Characteristics
The maximum absorption and emission wavelengths for the dilute (0.05%) fluor sample were found to be 347 and 420 nm, respectively (Fig. 2) . The molar extinction coefficient was determined to be 57 000 l/mol-cm. The emission maxima for the various concentration (0.5%-2.0%) samples systematically increased from 431 to 436 nm. The 1.0% fluor sample had a 433 nm maximum (Fig. 2) . With higher concentrations of dopant, self-absorption of shorter wavelength light increases, as expected [7] , raising the maximum emission wavelength and potentially leading to shorter attenuation lengths in the bulk scintillator. Because we anticipate using thin scintillators (0.5-3 mm) in the imaging device, attenuation factors do not play as great a role as other factors, e.g., intrinsic scintillation. The new scintillator shows a good spectral match with absorption in bialkali photocathode PMT's.
B. Decay Time
The decay time of the 1.0% scintillator sample was measured and compared with a BC404 standard (Fig. 3) . The corrected decay times for the 1.0% sample were found to be 0.38 and 1.74 ns, while the decay time of BC404 was measured to be 1.2 ns.
The first peak in the 1.0% sample time spectra may be due to increased Förster transitions (direct fluor excitation) with high concentration of dopant, and the second from solvent (PVT) radiative transfer to the fluor. With lower concentrations, lower intensity first peaks might be expected. With higher concentrations of fluor an increase in the first peak intensity is expected as the direct excitation probability increases. This is consistent with known decreasing decay times as fluor concentration increases in liquid scintillators [7] . The first peak may also be due to prompt Cerenkov light produced above the 150-keV threshold in PVT ( ), although this effect is not seen in the BC404 sample. Similar peaks in timing spectra have been observed for high dopant concentrations in plastic scintillators [8] . 
C. Concentration Effects
Energy spectra with Bi demonstrated a distinct variation in pulse height between the scintillators (Fig. 4) . There was an 20% improvement in light yield from lowest to highest concentration doping of the new plastic scintillator, with the first 13% improvement from 0.5% to 1.0% and an incremental increase thereafter (Fig. 5) . The highest yield mixture, 2.0% fluor, was still 30% lower in light output than a similar sample of BC404 scintillator.
There was a reasonable correspondence ( 17%) of the relative changes in light yield measured with Bi conversion electrons and Tl betas in the different concentration samples. This result indicates that in low light situations the weighted means of beta continua are good indications of pulse height. In low light level situations, e.g., signals from plastic scintillators through 2 m of optical fibers as intended in the beta imaging device, spectral energy distributions tend to be featureless and energy calibration of devices is more difficult. For thin scintillators (see Section III-F), degradation of features is more pronounced, and thus centroid weighting on beta continua may be one method for device calibration.
D. Simulation Results
The total absorption probability is defined as the probability of absorbing all incident electron energy in the target material [5] . Due to surface backscatter and side scatter out from the sides of the cylinder, the total absorption probability, even for large disks, never reaches 1.0.
Too thin a scintillator compromises the ability to detect all the beta energy, and hence leads to degraded scintillation light signal. Large disk scintillators would have expectedly higher contributions from ambient gamma backgrounds (see Section III-F). The simulations predict that for decreasing thicknesses of plastic scintillators, 90% absorption is achieved for 482 keV electrons with 2.0-mm-thick disks (Fig. 6) . The calculated range for maximum energy F positrons is 2.2 mm and 0.68 mm for average energy F positrons. These simulations and calculation results predict that optimum thicknesses for 1.25 cm plastic scintillators in this imaging application should be between 0.5-2.5 mm at these electron energies. These values agree with other measurements [5] .
Note that from the optical tracking simulations, decreasing scintillator thickness corresponds to higher light output in all surface treatment cases (Fig. 7) . This result is consistent with the collection of greater numbers of photons with improved solid angle to the detector [4] , [5] , in this case facilitated by thinner disks. The ideal scintillator will be a compromise between electron energy absorption and light yield (which includes scintillator geometry) in an attempt to maximize light output (see Fig. 9 ) from thin scintillators coupled through fiber optics to the photon detector(s) [5] . 
E. Measured Geometrical Effects
The measured light output as a function of scintillator thickness results are shown for weighted means of Tl irradiation (Fig. 8) . Scintillators above the 1.0% fluor concentration had identical trends as the 1.0% scintillator for various thicknesses and did not grossly deviate from the concentration trends (Fig. 5) . Although similar trends with thickness were observed with the Bi irradiated samples, the spectral characteristics degraded near 1.0 mm thicknesses (see Section III-F). Measurements with BC404 disks coupled to front-end fiber optics, as in the intended imaging device, showed identical trends in light output with thickness [5] .
The light output was observed to have little variation as a function of scintillator thickness down to 1.5 mm (Fig. 8) . At 1.5 mm thickness, the electron trajectory simulation predicted 89% absorption of Tl betas in plastic, which is very near the predicted 94% total absorption for thick disks (Fig. 9 and  [5] ). The product between the simulated energy deposition and light output for plastic scintillators reached a maxima near 1.5 mm for measured Tl beta continua (Fig. 9 ). This trend is expected to be similar for F positrons of similar energy. There were larger deviations between simulations and measurements for 3 mm scintillators (Fig. 9, not shown) , but simulations indicated that the light spread in these scintillators detrimentally affected the imaging ability [4] . . Measured light output compared to simulation results. The product of simulated absorption probability and light output gives the total detection probability in the measurement configuration. Note the good fit between simulation and measured data for the 1.25% scintillator for these thicknesses. The 1.5 mm thickness 1.25 cm plastic scintillating disk detector has ideal geometry for the imaging device. Less than 1.5 mm, incomplete energy deposition dominates increasing light output as measured and predicted by simulations, and thinner disk scintillators may thus be less effective for the imaging device. These results also agree with measurements of plastic disk scintillators on fiber optics [5] .
F. Thin Scintillator Response
For thin detectors ( 2.0 mm), asymmetric peaks were observed at low energies for all plastic scintillators tested in this work with Bi conversion electrons and Tl betas (Fig. 10) . These peaks arise from the most probable energy loss from electrons traversing a medium (Landau distribution). The most probable energy loss is at the peak of the distribution, with the mean energy loss of incident electrons displaced to the high energy side, due to the long high energy exponential tail [14] , [15] .
Provided that a thin scintillator is utilized, and that low enough thresholds can be attained with sufficient light transfer through 2 m of optical fibers in the beta imaging device, the Landau peak can potentially be used as an energy calibration point in otherwise featureless spectra. Further investigations will be undertaken to more clearly understand the applicability of the Landau distribution for energy calibration. Back- scattered Compton edge electrons from gamma interactions, which produce a distinct peak at the Compton edge, have also been investigated for energy calibration with thin plastic scintillators [3] . Unfortunately, poor gamma efficiencies in detectors that are ideal for beta imaging make backscatter calibration methods difficult.
The background contribution results indicate that for very thin, low density scintillators the attenuation of gammas varies linearly with thickness (Fig. 11) . This result corresponds well to narrow beam geometry attenuation calculations for thin plastics.
IV. DISCUSSION AND CONCLUSION
The ideal continuous disk detectors for use in the intraoperative beta imaging device should have the following characteristics: 1) high light output (facilitated by various external reflectors); 2) good spectral match with the photodetector of choice; 3) low density and low ; 4) minimal thickness; and 5) good time decay characteristics for the expected in vivo count rates. Despite similar beneficial characteristics of the new plastic scintillator(s) compared to the existing BC404, e.g., low density leading to low background, fast time decay properties ( 2 ns, useful in fast counting or short halflife isotope measurement experiments), and similar spectral emission characteristics ( 433 nm, well matched to bialkali PMT's), the 30% lower light yield precludes use of this new scintillator in the anticipated low light level situation with fiber optics and PMT photodetectors. Several factors have been identified, however, as beneficial to scintillation detector optimization for the imaging detector.
Increasing fluor concentration did demonstrate improved light output in these new organic scintillators. Perhaps increasing the dopant concentration in currently available high light output scintillators (e.g., BC404) may improve light output characteristics even further. As thin scintillators ( 3 mm) are needed to minimize background, self-absorption of scintillation light is minimized while light output is maximized.
Monte Carlo simulations of energy deposition and light collection accurately predicted the optimum scintillator thickness for maximum signal detection probability as compared with measurements. As the scintillator thickness decreased, the slowly increasing detection probability increased until a roll-off at 1.5 mm, where poor (decreased) energy deposition began to dominate the light collection. Simulations indicate that this thickness of plastic scintillator is expected to have good spatial resolution properties as well.
Energy calibration with centroids of beta continua was shown to correlate with monoenergetic electron responses. A potential method of energy calibration with Landau distributions observed in the energy spectra of the thin samples was also identified.
General plastic disk scintillator properties and characteristics were identified for use with a beta imaging intraoperative probe. These characteristics will be exploited during the ongoing imaging detector optimization.
